Dengue is the most important viral disease transmitted to human by mosquitoes in Venezuela, causing many cases of dengue fever (DF) and dengue hemorrhagic fever (DHF) annually. More than 42,199 cases (DF/DFH: 15/1) were reported through calendar year 2005 (MSDS 2006) . The incidence of dengue has increased since the outbreak in 1989, because multiple serotypes are circulating in endemic areas.
Aedes aegypti is the principal vector for dengue viruses. This vector is able to maintain the four serotypes of dengue viruses (DEN 1, 2, 3, and 4) in an urban transmission cycle. Ae. aegypti populations may differ in biting behaviour, vectorial capacity, and other characteristics of epidemiological importance which may be detected through molecular markers (Tabachnick 1991) . In addition, these markers could be used to determine the relatedness of geographic populations and associate this information with vector movements. This will help to analyze the risk of disease transmission (Ballinger-Crabtree et al. 1992) .
Single strand conformation polymorphism (SSCP) analysis offers a simple, sensitive, and cheap method of detecting DNA polymorphisms, therefore, SSCP has become one of the most used means for determining genetic variation (Orita et al. 1989) . SSCP is based on the principle that changes in the nucleotide sequences of a singlestrand DNA molecule alter its three-dimensional confor- mation. Point mutations could thereby change strands migration through polyacrylamide gels. SSCP detected 99% of base changes in 100 to 300 bp DNA fragments and 89% of point mutations in 300-450 bp molecules (Black & DuTeau 1997 , Hayashi 1991 , Sunnucks et al. 2000 An extensive population genetic study among Ae. aegypti collections from Mexico using SSCP to analyze a 347-bp fragment amplified from the NADH dehydrogenase subunit 4 mitochondrial DNA (ND4) showed that gene flow varies by region, that collections were genetically isolated by distance in the Pacific and that the Yucatan but not among collections in the northeast . A similar study across a broad geographic area of Thailand showed a much lower genetic diversity in ND4 than the one found in Mexico. Genetic drift and vector control efforts were implicated as the principal factors in genetic differentiation (Bosio et al. 2005) . Other study using the ND4 gene of Ae. aegypti only from three cities in Peru revealed low levels of genetic variability in these mosquito populations. Restricted gene flow was claimed to be responsible for population differentiation (da-Costa-da-Silva et al. 2005) . The aim of this study was to investigate for the first time the population genetic structure of Ae. aegypti in different geographic regions of Venezuela using ND4 mitochondrial DNA markers.
MATERIALS AND METHODS
Mosquito collection and DNA extraction -Mosquitoes were collected as larvae between January and December 2003 and returned to the insectary in Maracay where they were reared to adults and then stored at -70ºC awaiting DNA extraction. Collections were obtained from eight geographic regions of Venezuela (Table I ). The geographic coordinates of each locality was entered into a MapInfo Professional version 7.5 (MapInfo industry, New York). The number of mosquitoes analyzed in each collec-tion are listed in Table I . The DNA was extracted from individual specimens using a phenol/chloroform method, resuspended in 60 µl of sterilized water and stored at -80ºC (Rivero et al. 2004 ).
Mitochondrial gene amplification -A 359-bp region of the ND4 gene was amplified using the oligonucleotides and reaction conditions of Gorrochotegui et al. (2000) . The PCR amplifications were carried out in 50 µl reaction volumes using 1 µl of template DNA in a PTC-100 thermal cycler (MJ Research, Inc., Watertown, MA). Negative controls (all reagents except template) were run to detect possible contamination. Thermal cycling conditions followed (Gorrochotegui et al. 2000) except that Taq DNA polymerase was added in the mixture. The amplified products were visualized by electrophoresis in 2% agarose gels stained with ethidium bromide.
SSCP analysis -The PCR product (10 µl) was mixed with 8 µl of loading buffer (10 mM NaOH, 95% formamide, 0.05% bromophenol blue, and 0.05% xylene cyanol), centrifuged and heated to 95ºC for 10 min on a thermal cycler, then transferred immediately into ice. Samples were loaded onto 27 × 20 cm, 1 mm thick, 7% polyacrylamide gels. Gels were run at 4ºC for 20 h at a constant 8 milliamps and silver stained to visualize DNA fragments (Black & DuTeau 1997) .
ND4 PCR products from 3-6 individuals of each haplotype were sequenced in both directions using the PCR (Excoffier et al. 1992 ) was conducted on the resulting haplotypes within and among regions using Arlequin 2000 (Schneider et al. 2000) . The significance of the variance components was computed using a non-parametric permutation test (Excoffier et al. 1992) . The DNA sequences were aligned using the Clustal W software package (Thompson et al. 1994) . The nucleotide sequence and the frequency of each haplotype for each collection were analyzed using DnaSP version 3.99 (Rozas et al. 2003) . The number of polymorphic sites, the average number of nucleotide differences (k) (Tajima 1983) , the nucleotide diversity (π 1 ) and the nucleotide diversity with the Jukes and Cantor correction (π 2 ) (Nei 1987) were estimated. Effective migration rates (Nm) were calculated from F ST . Transformed F ST /(1-F ST ) were regressed on the natural logarithm of pairwise geographic distances among populations to test for isolation by distance (Slatkin 1993 to construct a cladogram among all collections by means of unweighted pair-group method with arithmetic averaging analysis in the NEIGHBOR procedure of PHYLIP3.5C (Felsentein 1993) .
Phylogenetic relationships among haplotypes -MEGA (version 3.0) was used to perform phylogenetic analyses using maximum parsimony (Kumar et al. 2004) . A bootstrap analysis with 1000 replications was done to assess the consistency with which the dataset supported the resolved phylogenies. ND4 homologous regions of Anopheles gambiae and Ae. albopictus were used as outgroups.
RESULTS
Haplotypes frequencies -A total of 24 samples, representing 1144 wild specimens of Ae. aegypti were collected in eight geographic areas defined as the West Coast (WC), the Maracaibo Lake (ML), the West Region (WR), the Inland (IL), the Central Region (CR), the North Region (NR), the East Region (ER), and the South Region (SR) ( Table I) .
Seven haplotypes were detected by SSCP analysis and sequencing. The haplotype sequences were aligned with other ND4 sequences from Mexico and Brazil registered in the GenBank (Mexico: GenBank # AF334841-334865; Brazil: GenBank # AY 906835-AY 906853). All Venezuelan sequences were unique. The sequences of Bosio et al. (2005) and da Costa-da-Silva et al. (2005) are not in the GenBank. To date there are 25 haplotypes reported from Mexico , 6 from Thailand (one of the haplotypes is found in Mexico), 19 from Brazil, 3 from Peru, and 7 from Venezuela which makes a total of 60 haplotypes. To identify the Venezuelan haplotypes following the numbering listed in the literature, it will be necessary to wait until the Brazilian publication and the Thailand and Peruvian sequences are available. Therefore, we denoted them A-G. The frequencies of these haplotypes, both by region and in the whole country are shown in Fig. 1 .
Only haplotypes A, C, and E were shared among all collections. Haplotype A was the most frequent (0.96-0.18). Haplotype C was only absent from the WR and its frequency varied from 0.64 to 0.02. Haplotype E was found in WC, NR, ER, CR, and IL. This haplotype is also distributed along a gradient of decreasing frequency (0.81-0.06) but in the opposite direction of haplotype C. The rest of the haplotypes occurred at low frequencies: Haplotype D was present in five regions. Haplotype B was present in NR, WC, and CR. Haplotype F was found only in the population of Catia La Mar in the NR whereas haplotype G was found in WC, WR, and NR.
Genetic heterogeneity -Geographical analysis of variation in ND4 haplotype frequencies was conducted by AMOVA (Table II) . Most of the variation (77.6%) arose among mosquitoes in collections while 11.6% arose among collections within regions and 10.8% occurred among regions. The average F ST was 0.224 suggesting substantial genetic structure among collections. In addition, the effect of the distance on levels of gene flow was estimated by regressing linearized F ST values on geographic distance (Fig. 2) . This analysis indicated a significant correlation between genetic and geographic distances among all collections but no correlation was detected among collections from any particular region (data not shown).
A distance matrix containing all the pairwise linearized F ST among collections was collapsed using the UPGMA option in NEIGHBOR and the rectangular cladogram option on PHYLIP (Fig. 3) . Two main clusters were detected. Cluster I contains the majority (5/7) of the collections from western Venezuela (ML, WR, WC) and from CR (4/5), while cluster II contained all of the collections from the SR, IL, and NR. The ER collections were distributed in both clusters.
We examined the frequencies of the haplotypes in both clusters. Collections in cluster I had the highest frequency of haplotype A (≅ 0.78) while the majority of the collections from Cluster II had haplotype C in hight frequency (≅ 0.43). The Los Pedros collection failed to group in either Cluster I or II. This collection contained only haplotypes A and E and the frequency of the latter was 0.81
Haplotype diversity -The number of polymorphic sites and the diversity indices for each collection and for all mosquitoes are listed in Table III . The majority of collections had similar numbers of polymorphic sites and diversity indices. However, collections from Western Venezuela with the exception of WC, had lower values of k, π 1 Fixation indices: F ST , correlation among haplotypes within collections relative to the correlation of random pairs drawn from the whole sample; F SC , correlation among haplotypes within collections relative to the correlation of random pairs drawn from the region; F CT , correlation among haplotypes within regions relative to the correlation of random pairs drawn from the whole sample. and π 2 , especially the Nueva Bolivia collection in which values were at least one order of magnitude lower than all others.
Phylogenetic analysis -Phylogenetic analysis provided a well-supported phylogeny with one maternal lineage and the presence of another minor lineage. Haplotypes A-F were monophyletic while the haplotype G occurred in a separate clade (Fig. 4) .
DISCUSSION
In this study we found that Ae. aegypti collections from different geographic regions of Venezuela were genetically differentiated even at the minimum distance studied (≤ 15 km; ML region). This suggests a very restricted level of interchange of genes among collections. This genetic differentiation arose in part to geographic dis-tance. Geographic barriers may limit gene flow. However throughout most of these regions there is intense terrestrial and air traffic. There is a significant correlation between gene flow in Ae. aegypti and human transportation (Craven et al. 1988 , Garcia-Franco et al. 2002 , Huber et al. 2004 , daCosta-da-Silva et al. 2005 , Merril et al. 2005 ). In addition, there were large F ST (0.221) values among collections made across uniform habitats such as the sea coast separated by < 50 km (Fig. 2) . Other possibility may be a strong reduction in the effective population size in collections caused by insecticide applications. The presence of only three major haplotypes, unique haplotypes or haplotypes with very small frequencies in some regions could arise due to major population bottlenecks caused by insecticide treatment. Similarly, Ayres et al. (2004) have reported that Brazilian populations of Ae. aegypti showed high levels of genetic differentiation in areas most frequently treated with chemical insecticides. Other investigators suggested that insecticide pressure is probably the major cause of genetic diversity in Ae. aegypti from highly populated urban areas (Paupy et al. 2000 , Ocampo & Wesson 2004 .
Ae. aegypti in Venezuela have been exposed to chemical insecticides since 1945 when the use of DDT started (Berti et al. 1960) . Then, 30 years ago, the intense use of three organophosphates began with malathion and fenithrothion used for adult control and temephos as a larvicide. Insecticide treatments have probably exerted intense selection on the populations and caused severe bottlenecks during vector control efforts. The use of insecticides has also facilitated the appearance of insecticide resistance in Ae. aegypti , Rodríguez et al. 2001 The effective migration rate among even nearby collections was low, suggesting reduced gene flow. The distribution of haplotypes C and E followed a gradual change in frequency along two spatial gradients. Haplotype C from the south to the west region separated by a distance of 1160 km and the E from the west to the east separated by 794 km. The spread of these haplotypes followed the main roads between localities that are used in extended human commerce (Fig. 1) . Cluster analysis of collections from the eight regions shows two main clusters principally associated with the frequency of haplotypes A and C. Haplotype C was most frequent in the SR collections and probably disseminated to nearby regions. Haplotype A was common to all collections with a frequency ≥ 0.18. However, it was most frequent in WR (84%) and ML (92%) which suggests that haplotype A originated or was introduced into western Venezuela. The Los Pedros collection was separated from the rest of the collections because it contained the highest frequency for the haplotype E (0.81) and was similar to the Catia La Mar collection in having the lowest frequency of haplotype A (0.18). The Los Pedros collection apparently underwent a bottleneck. Los Pedros is a town near a main road (Carretera Zulia-Falcón), ~15 km away from the WC. However, it may be an "ecological island" since it is surrounded by kilometers of sand dunes and few plants are able to grow in the lower sections of the dunes.
Phylogenetic analysis of haplotype sequences demonstrated two clades. Probably, the oldest clade of Ae. aegypti in Venezuela is represented by the clade that groups the majority of the haplotypes. Besides it has an even geographic distribution showing a frequency of 99% in the whole country. The other lineage occurs at very low frequency (1%) and it is mainly confined to the western region. In the monophyletic group, the common haplotype A (58.6%) is split from the two other major haplotypes, C (24.2%) and E (11.8%), in different groups, although they clustered individually only 65% of the time. Based on this low bootstrap value, the two groups cannot be considered completely distinct. However, it is tempting to speculate that haplotype A contributed to the Ae. aegypti gene pool more anciently than the other haplotypes since it is widespread in Venezuela and it has, apparently, less evolutionary changes than the other haplotypes.
Analysis of additional populations from North, Central, and South America countries will reveal historical and phylogeographic patterns for Ae. aegypti in these countries. Such knowledge will allow testing from where the haplotypes were introduced into Venezuela. Results can have importance in revealing differences in selection by insecticide resistance genes in Aedes during its dispersal and evolution.
We compared our data of ND4 in Ae. aegypti with similar studies from Mexico Thailand and Peru. Within Mexico, Thailand, and Peru were identified 25, 7, and 3 haplotypes respectively. Our results are more consistent with the ones from Thailand since we found also seven haplotypes. We detected seven haplotypes but only A, C, and E had appreciable frequencies. The frequencies of these haplotypes varied geographically following two gradientes.
The comparison of our haplotype sequences with similar ones registered in the GenBank (Mexico and Brazil) demonstrated that all the haplotypes found are unique to Venezuela. We also compared the genetic variability of our samples with the ones from Mexico, Thailand and Peru. Mexico has a greater genetic diversity (2-3 times) than Thailand and Peru that could be explained because Mexico has more haplotypes than Thailand (> 3 times) and Peru (> 8 times). Our results exhibit a mixed behaviour. We have only seven haplotypes, a low number like Thailand and Peru, but the genetic diversity pattern was similar to Mexico.
In addition, the data presented here could have important implications for dengue transmission since the genetic variability in Ae. aegypti from Venezuela may cause differences in their susceptibility to dengue virus. Information obtained from the Venezuelan Ministry of Health (2006) gave support for this idea. In 2005, dengue has become endemic in the majority of the Venezuelan territory. Nevertheless, there are localized regions over the northeastern parts of the country which are not considered dengue risk areas.
A correlation between population differentiation and heterogenous patterns of vector competence in Ae. aegypti has been suggested for other authors (Tran et al. 1999 , Paupy et al. 2000 , Black WC 4th et al. 2002 , García-Franco et al. 2002 , Lourenço-de-Oliveira et al. 2004 , Ocampo & Wesson 2004 . A population genetic analysis and an evaluation to susceptibility to dengue 2 virus were conducted among Ae. aegypti samples from different states of Brazil (Laurenço-de-Oliveira et al. 2004) . It was demonstrated that Brazilian Ae. aegypti were genetically differentiated within most of the regions, and that their infection rates towards DENV2 were heterogenous. Other study has found a correlation between genetic distances of Ae. aegypti populations and their infections rates (García-Franco et al. 2002) .
This study suggests that the Venezuelan vector control programme may induce recurrent emergence of insecticide-resistant populations. Moreover, the rapid fixation of haplotypes conferring insecticide resistance could take place; the resistant populations may be spread at a larger scale as the migration of resistant mosquitoes could be facilitated over the one of susceptible insects. Ae. aegypti resistant to insecticides represent a great problem in dengue control. The next step will be to look for insecticide resistance in the studied populations to confirm the involvement of selection effects in the actual genetic structure of Venezuelan Ae. aegypti population.
